A multi-step plasma etching technique is developed to obtain deep-grooved micro-scale ball-bearing raceways and employed in the fabrication of multiple ball-bearing supported microturbines. Deep-groove geometry has been chosen for the microball-bearing systems because of the ability to handle mixed axial and radial loads, allowing for stable, high-speed operation compared to previous iterations of the microball-bearing raceways. The multi-step inductively coupled plasma-based process is optimized to obtain <2% deviation amongst intended raceway depth, width and curvature. Etching non-uniformity is measured to be 0.15% within the raceway of a single device. The bearing dynamics with the new deep-groove geometry have been simulated. The deep-groove raceway packed with off-the-shelf precision ball-bearings provided a stability improvement over previous demonstrations of high-performance rotary micromachines operating at high speeds.
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Introduction
Rolling bearings are an essential component of modern machinery, providing low friction and wear contact between moving parts. Specialized bearings are employed depending on their specific application, based on load, speed and geometric requirements. Rolling bearing technology has been extended to the realm of micro-electromechanical systems (MEMS) in the demonstration of high-performance linear and rotary micromachines. Proof-of-concept demonstrations of micromotors [1] , microturbines [2] , micropumps [3] and microgenerators [4] , supported on microball-bearings have all relied non-ideal planar geometries for their bearing raceways. Ghodssi et al recently showed that future microfabricated bearing systems will need to accommodate for actuationinduced axial loads as well as inertia-induced radial loads, and will therefore require circular cross-sectioned bearing structures to handle the resultant load [5] . This paper describes the development of a 3D etching technique used to obtain uniform, circular cross-sectioned bearing raceways and their utilization in the next generation rotary microsystems, allowing for stable high-speed operation.
The geometry of the silicon micro-bearing is dictated by microfabrication techniques used to etch the bearings. Macrobearing steel raceways are machined to near-net shape, heat treated and then lapped to achieve a mirror finish. The radius of the steel raceway is altered depending on the expected radial and axial loads, dictating contact angle of the ball to the raceway. Microfabricated bearings are machined in silicon. Silicon micromachining takes place either by dry or wet etching, isotropically or anisotropically. The anisotropic, deep reactive ion etching (DRIE) method is used to fabricate the rectangular cross-sectioned bearings used in the current microturbine device. The rectangular cross section provides a nominally flat, non-wavy surface for the balls to contact, simplifying contact mechanics calculations.
3D fabrication techniques allow a range of structures and therefore an array of applications that would otherwise be unobtainable through traditional, planar microfabrication methodologies. Successful demonstration of 3D fabrication has been performed in the lithography, deposition and etching domains. Gray-scale lithography utilizes variable transparency to obtain sloped profiles in photoresist. The sloped profiles can then be etched into the substrate material to obtain 3D structures such as micro-compressors [6] or optical fiber alignment devices [7] . The challenges of this technique include obtaining a consistent photoresist process and the significant difference in selectivity between substrate and photoresist in most etching schemes, which magnifies photoresist defects. Other 3D lithography techniques include 'two-photon' lithography, where a stereo light source is focused on a single spot within a photo-active material. The coincident point of the two light beams contains enough energy to alter the material, whereas each single light source does not. Up until recently the technique was extremely slow, therefore unreasonable for multi-device fabrication [8] , but the speed has been increased by orders of magnitude [9] . 3D deposition techniques typically involve localized energy sources in reactive environments, such as localized electrochemical deposition [10] and focused ion beam deposition [11] . Both of these techniques are extremely slow compared to processes taking place on the wafer scale and are therefore not in common use.
Isotropic etching techniques have been employed since before widespread adoption of silicon-based transistors. The original isotropic silicon etch was based on hydrofluoric, nitric and acetic acid (HNA) chemistry, described in the seminal series by Schwartz et al determining the etch rates, roughness and uniformity of the HNA etch based on the composition of the acid [12] . The HNA etching chemistry is not completely independent of crystal structure which limits its use as a nearly perfect isotropic etch to a shallow etch depth before the anisotropy is realized. A wet etch process requires very careful process control of temperature and agitation, making it difficult to establish wafer-to-wafer uniformity [13] .
Dry, plasma-based etching techniques are most relevant to this work. Utilization of inductively coupled plasma (ICP) etching techniques for isotropic profiles in silicon was first simulated by Marcos et al in [14] . Modification of the power profiles of etching and deposition steps within a DRIE process allowed for the realization of controlled cross-section thickness through the height of a column [15] . Gantz et al modeled and demonstrated an RIE-lag based method for 3D etching. In this work, masks were created using variable feature sizes and pitch to control the exposed area of reactants, and thus control the final etch profile [16] . The work by Larsen et al utilized a multi-step plasma process to create microlense molds. The authors performed a thorough study on etching parameters and the evolution of etch geometry [17] . The microlense study was a significant influence towards the development of the isotropically etched ball-bearing raceways which are the focus of this study.
Future microball-bearing utilizing systems, such as a microgenerator, will require high speeds. The top-down fabrication style of MEMS will dictate that the actuation mechanism, be it electrostatic, electromagnetic, or pneumatic will impart an axial (through wafer) load on the bearings. The centripetal force acting on the rotating balls will impart radial load scaling with velocity squared, therefore radial forces on the ball-bearing will need to be accounted for in addition to the axial load. To accomplish this, a circular raceway crosssection is imagined. A schematic of the rectangular and circular bearings can be seen in figure 1 .
The microfabricated bearing raceway in figure 1(b) has been used in various microsystems using off-the-shelf precision ball-bearings including pumps, generators, motors and turbines, and has shown consistent operation over 200 million revolutions at 10 krpm [18] and brief operation up to 87 krpm [3] . An ultimate limiting factor in the operation of a device with the rectangular geometry is the lack of ability to accommodate significant radial load. At low speeds the friction forces between the ball and raceway are capable of restricting the ball radial motion. At high speeds, the radial forces overcome the friction forces and the ball-bearings make significant contact with the outer wall, ultimately resulting in failure. This concept is discussed theoretically in [5] and measured experimentally with on-chip accelerometers in [19] . The bearing geometry in figure 1(c) closely resembles the geometry used in macro-scale deep groove bearings, and has the capability to maintain contact with the ball under combined axial and radial loads. The general shape of the raceway represents the middle ground between the ideal bearing geometry and the capabilities of microfabrication. The following sections will discuss the design and fabrication of a circular cross-sectioned raceway, the ball-bearing dynamics within the circular geometry, and demonstration of the bearing utilized within a microturbine system.
The focus of this experiment is two-fold: the development of a unique isotropic etching technique to obtain the circular raceway cross-section and the design and demonstration of a microturbine supported on microball-bearings utilizing said raceway. This cross-section is realized by etching semicircular cross sections into the surface of two mirrored wafers and then bonding them together. Obtaining semicircular etching cross-sections required the development of a unique multi-step plasma process with tuned parameters such as power and pressure. Once the technique was demonstrated with acceptable geometries, the isotropic etching was employed within a custom fabrication flow to create the first microfabricated device with 3D bearing structures.
Bearing design and dynamics
Macro-scale ball-bearing systems can be categorized into three types by their desired maximum operating speed and load: thrust, angular, and radial ball-bearings. Each design is ideal for a specific ratio of axial to radial load, which is manifested in the bearing as the contact angle between the ball and the raceway. Contact angle will be discussed in detail in subsequent sections. It should also be noted that radial load capacity is analogous to maximum operating speed for these devices, as radial load is derived from centripetal forces. • contact angle, resulting in an axis of rotation of the ball that is perpendicular to the axis of rotation of the rotating member. On the macro-scale this bearing is used for high-load, low-speed applications. On the micro-scale this design is often used because microfabrication techniques dictate top-down geometric alterations. As the intended speed increases, the radial load carrying capacity of the bearing system must increase as well. For systems with mixed radial and axial load, angular bearings are employed. High-speed systems with dominant radial load use radial bearings where the ball axis of rotation is parallel to the rotational axis of the bearing. There are many variations of ball-bearings that fall in-between the three primary types. For this work, we fabricate deep-groove thrust bearings, which are intended for primarily axial-load situations with a higher speed tolerance than pure thrust bearings. Multiple silicon microturbines have been designed and fabricated to serve as the proving platform for the circular cross-sectioned raceways. The variations of microturbine geometries tested in this paper are summarized in table 2. Two rotor diameters were chosen, 2.5 mm and 5 mm, both utilizing 0.5 mm balls, giving rotor:ball diameter ratios of 5:1 and 10:1, respectively. Previous microball-bearing devices had rotor:ball ratios of 35:1, whereas macro-scale bearings utilize 3-5:1 ratios, typically, to minimize the rotational inertia of the system. Stainless-steel and silicon carbide balls have been utilized because of their different densities and surface properties.
All balls tested are grade 10 or better, as defined by the American Bearing Manufacturers Association. For grade 10 rating, the lot diameter variance, ball diameter tolerance, and surface roughness must be <250 nm, <1.3 μm and <25 nm avg., respectively. To manufacture the 440C stainless-steel balls, a steel wire is first cut and pressed into the near final geometry of the ball. The ball is then progressively polished to remove flashing and eventually reach final roughness. Heat treatment of the balls is then performed to remove internal defects and reach the final hardness value. The first step in manufacturing the silicon carbide balls is a hot isostatic pressing of ceramic powder and binder, which is then sintered and ground to a final roughness and sphericity. The ratio of the hardness of the ball to the raceway should be selected such that one is not significantly harder than the other. If there is a significant hardness difference, one component will be sacrificially worn at an accelerated rate.
The microturbine presented herein, as well as any number of rotary MEMS devices utilizing ball-bearings in circular raceways can be fabricated using the scheme presented in figure 2 . The microturbine is comprised of two wafers, bonded together encapsulating the ball-bearings using a technology developed by Waits et al in [20] . The outer surfaces of the wafers contain the turbine structures patterned in a silicon dioxide hard-mask for later use (figure 2(a). The inner surfaces of the wafers contain the raceways defined in figure 2(b) and isotropically etched in figure 2(c). The raceways also contain offset release structures that are defined by spray coat lithography and etched with DRIE to be accessed later (figure 2(d)). Bond alignment structures are also defined and etched during the spray-coat photoresist process on the inner surface of the two wafers. A shadow-masked evaporation of eutectic gold/tin is deposited on the inner surfaces of the wafers. Microball-bearings are then placed in the etched raceways and the two wafers are bonded (figure 2(e)). Finally, the silicon dioxide hard-mask patterned in figure 2(a) is utilized as a DRIE etch mask and the outer surfaces are etched making contact with the release etches, thereby releasing the rotor from the stator portions of the chip ( figure 2( f ) ).
The most critical aspects of the fabrication are the geometry of the raceway and the location of the offset release etches. The etching techniques developed in this paper set forth the fabrication guidelines for obtaining circular raceways with rotor diameters from 1 to 10 mm. The location of the offset release etch depends on the radius of the raceway, the geometry of the rotor, the expected radial load from the desired operating speeds, and the amount of axial load tolerable. The resultant of the vector sum of radial and axial loads gives the contact angle between the ball and raceway. The offset release etch trench on the thrust (non-turbine structured) side of the rotor is radially further from the axis of rotation than center of the raceway. At increasing speeds and centripetal load the balls will push out radially towards the thrust side release etch structures. The release should therefore be offset as much as possible until the point where it is so far offset that the rotor is no longer held into position by the balls and could be completely removed from the stator. A maximum allowable contact angle of 53
• was selected based upon the contact area of the ball and the desired operating parameters. This angle then determines the maximum operating speed for a given normal load. The contact angle can be calculated from equations (1) and (2):
where, The contact angle has been simulated for a range of speeds and normal loads, based on the bearing variations outlined in table 2. Figure 3 highlights the benefits of using smaller radii and less dense balls. In both of those cases, it requires significantly less normal load to operate at a given speed with a contact angle below the 53
• geometrically defined maximum. A maximum rotor normal load of 200 mN was selected for the simulation, which equates to 250 MPa contact pressure beneath the ball. The contact pressure of the ball is calculated utilizing Hertzian contact mechanics assuming a sphere pressing on an internal cylinder, which mimics the intended geometry of the device but does not account for adhesion [21] . This contact pressure is well below the predicted 450 MPa found to result in fatiguebased raceway fracture [22] .
Bearing dynamics
The geometry of the bearing presented herein could be categorized as a deep-groove thrust bearing. On the macroscale, these bearings are used to accommodate primarily thrust (axial) loads at moderate speeds. As the contact angle increases towards the horizontal (0 • ) the style of bearing transitions from thrust to an angular contact to a radial bearing at or around 0
• . This transition is due to the need for the axis of rotation of the ball and the principle load being nearly perpendicular in the ideal case. Of these bearing types, a radial bearing-style would be inappropriate for a microfabricated ball-bearing system because of its inability to accommodate the inevitable axial loads imparted by on-rotor actuation schemes. An angular bearing would be ideal, but this would require a press-fitting of the rotor into the stator to place a constant load on the balls and keep the rotor in place under unintended loads. This is accomplished on the macro-scale by tight machine tolerances, the utilization of thermal contractions (placing components in liquid nitrogen before assembly, for example), and minor plastic deformation allowed in the raceway. Pressfit components are not widely used in MEMS because of the brittle fracture of silicon. To obtain a microfabricated angular bearing, single micrometer tolerances would have to be obtained, balancing between being too loose to load all of the balls evenly, or so tight that the balls induce fracture of the silicon. Therefore a deep-groove thrust bearing orientation is utilized as a middle-ground between the ideal geometry and realistic fabrication capabilities, at the expense of bearing performance.
A schematic of the bearing during operation, highlighting the loads, geometries and contact angles is presented in figure 4 . This figure highlights the worse-case scenario when the thrust and radial loads give a near 53
• contact angle. The contact angle, defined by the vector sum of the radial and axial load components is ideally perpendicular to the ball axis of rotation. When they are perpendicular, the center of the contact ellipse experiences pure rolling, and progressively higher magnitude sliding takes place radially outward from center. As the contact angle increases, the center of the contact ellipse moves away from the point of pure rolling, and the ball undergoes more sliding. The velocity of the sliding can be calculated from the angular velocity of the rotor and geometry, where From the angular velocity calculated in equation (3), the linear velocity of a parallel at radius r (from figure 4) can be calculated according to the following equation:
It should be noted that there is also sliding induced from gyroscopic effects, which are not accounted for in this analysis. The gyroscopic forces on the microball bearings were found to be minimal in the rectangular bearing [22] . It is unclear the magnitude of the detrimental effect of the geometry-based sliding effects, but it is shown to be significant from the observed raceway wear, discussed in a following section. The efficacy of the deep-groove bearing is determined by monitoring turbine performance. A custom package was designed to deliver high gas flow rates (>10 SLM) while monitoring input pressure and axial load with integrated pressure transducers and turbine speed via a tachometerstyle optical displacement scheme. A picture of the packaged microturbine is provided in figure 5 .
The packaging directs flow through the turbine actuation structure. During operation, some flow is allowed to leak through the backside of the device, allowing for normal load control. The package also includes ports to pressure sensors and an optical displacement sensor used to measure speed. The bearing raceways are analyzed post-mortem using scanning electron microscopy (SEM) and vertical scanning interferometry to determine the governing wear regimes.
Etch development
Isotropic etching development
Microfabrication technology uses an array of techniques to obtain isotropic etching profiles. These techniques include wet etching in an HNA solution or dry techniques, including XeF 2 chemical etching, or SF 6 plasma-based etching. ICPbased techniques were chosen, providing both a physical etch via ions accelerated from the plasma sputtering the substrate and a chemical component based on the wellcharacterized fluorination of silicon through the SF 6 -silicon interaction [23, 24] .
A two-step ICP process was chosen as the methodology to obtain the circular bearing cross-sections. In the twostep isotropic etch a bulk of the material is removed in the first etch and the depth and curvature are almost fully realized. The second etching step is used to remove the reentrant silicon from beneath the masking material, ultimately widening the raceway and slightly affecting the curvature. A visual representation of the evolution of the two-step etch process is provided in figure 6 . A similar process was first described by Larsen in [17] used to make batch-fabricated microlenses with good geometric control.
The important geometric characteristics of the raceway were depth, width and curvature as well as minimizing surface roughness and maximizing etch uniformity. The parameters available to tune within the ICP process were RF plate power, chamber pressure and etch time. The plate power applies a bias between the plasma and the substrate, acting on the ions from the plasma and giving the etch directionality. The chamber pressure principally affects the mean free path (MFP) of an ion in the plasma, with lower pressures providing longer paths and thus higher energy ions. Finally, it was found that the etch rates were nonlinear, so the evolution of the etch was studied with time-resolved etching.
Measurements of the etch profile were taken using optical profilometry (Veeco WKYO NT 1100). The vertical measurement resolution is 0.01 nm, while the horizontal resolution depends on the field of view, and ranged in these tests from 0.4 to 0.8 μm. The curvature of the sample was determined by fitting a circle to the average height measurement over a 50 μm wide area in the center of the bottom raceway. The roughness was measured by taking a 10 μm wide sample at the bottom of the raceway, mathematically flattening it and taking height measurements from the flattened sample. SEM of cleaved samples was utilized to confirm the profilometry measurements.
Results and discussion
Isotropic etching
The isotropic etch experiment took place in three distinct phases: selecting the proper etch mask geometry that results in a nearly semi-circular raceway etch, determining the exact etch parameters necessary to obtain the proper width, depth and curvature with minimal roughness, and performing a timeresolved study to determine etch rates and integrating it in the microturbine fabrication flow.
The selection of the correct masking geometry was the first challenge of the isotropic etching study. The mask's required opening (x m ) can be estimated from the vertical and lateral etch rates given by the following equations:
Knowing that the ball radius is 250 μm, the raceway housing radius (r H ) can be estimated to be 260 μm at minimum. In the two-step etch process; the depth is defined in the first etching step so the time, t, can be estimated from equation (5) only. Vertical (v ) and lateral (l ) etch rates were assumed to be 3.6 and 2 μm min , respectively. Substituting the time, radius and etch rates into equation (7), one obtains a mask opening of 230 μm. Because the second step in the two-step process widens the raceway w/out etching vertically (refer to figure 6), the mask opening experiments were adjusted to be centered on a 200 μm opening.
Test structures were etched using a non-optimized twostep etching process to help understand the evolution of the general shape of the raceway for different mask openings. The first isotropic etch was performed with a 10 μm AZ9260 photoresist etch mask. The second isotropic etch was performed on the wafer after the removal of masking material. The shape ratio, defined as the ratio of etch radius (lateral distance from center of mask opening to edge of etch) to etch depth, where 1 is a semi-circle, was tracked over a range of mask openings in figure 7 .
The mask opening data suggests that an opening of 200-215 μm would be able to give a semi-circular cross-section with a radius of 260-280 μm, and was therefore selected as the opening for future isotropic etching experiments. It should be noted that the mask opening was chosen to err on the side of being slightly wider than a perfect circular cross section so as not to inadvertently create a raceway too narrow for the ball.
Once the mask opening was determined, the bulk of the experiment was focused on the careful manipulation of etch 1 plasma parameters in order to finely tune the raceway geometry. As discussed earlier, the plasma properties of interest were primarily the chamber pressure and RF plate power. Eight identical wafers were prepared with arrays of test raceways patterned with photolithography in 10 μm thick AZ9260 photoresist. Each wafer was etched for 65 min to obtain near final dimensions. The parameters of interest were vertical and lateral etch rates, roughness, curvature and photoresist selectivity. Table 3 presents the pertinent etch conditions and the resulting parameters.
Recipes 1 through 6 were etched at a constant chamber pressure with variable RF plate power. The principle difference amongst them is the curvature of the bottom of the raceway and the selectivity of etching the substrate versus masking material, which is important for designing a final fabrication process flow. Varying the RF plate power will change the strength of the magnetic field that directs the plasma ions to the surface of the substrate. In general, the ICP etching mechanism is a combination of chemical etching from the fluorination and subsequent volatilization of silicon, and physical etching from the sputtering of surface atoms by plasma ions. The range of plate powers tested (6-16 W) is not expected to produce ions with enough energy to overcome the 4.62 eV binding energy of silicon. This implies the etch process here is significantly chemical and explains the consistent etch rates observed in the system, e.g., if higher plate powers increased the etch rate, then there would be some physical etching mechanism at play. The significant change in selectivity, however, shows that the masking material does undergo physical sputtering, and is therefore less effective at high plate powers. The reduction in curvature at higher powers can be explained by the enhanced density of ions delivered to the bottom of the trench versus the sidewalls by the increased directionality of the ion paths. It should also be noted that sample 4 served as the recipe for the mask opening relationship study and was utilized as the baseline for the parametric study. Chamber pressure was compared amongst recipes 4, 7 and 8. The physical implications of chamber pressure are complicated because of the competing effects of plasma density and a change in the MFP of the plasma molecule. Longer MFP ions travel further without a collision at lower pressures versus higher pressures, implying that the ions will have slightly more time to accelerate and will therefore hit the surface with a higher energy. Higher pressures may reduce the MFP, but increase the plasma density and therefore the number of reactive species on the surface. Based on the etch rates from table 3, the increased plasma density accelerated etching. The diameter of curvature obtained ranged from 422 to 532 μm as pressure was raised from 17 to 27 mTorr, which is expected based on the reduced directionality of ions in higherpressure plasmas. The surface roughness was significantly affected by the change in chamber pressure, with both high (27 mTorr) and low (17 mTorr) pressures significantly increasing the surface roughness. At high pressures, ion bombardment energy is reduced due to the shortened MFP; therefore, the roughness will be dictated by enhanced chemical etching. At low pressures, ion bombardment energy is higher; therefore, the surface roughness is likely due to enhanced physical etching. Minimum roughness is obtained when the chemical and physical etches are tuned properly. A similar relationship with chamber pressure and roughness was observed by Chen in his thesis work on ICP etching [25] .
Etch 2 was a blanket etch, using the parameters from recipe 4, taking place after the masking material was removed post-etch 1. Etch 2 was used to target the re-entrant edges left after etch 1 (see figure 6 ), which are etched away due to being exposed on both sides and being thin compared to the surface of the wafer and the semi-circular raceway. A comparison of the etch rates of two blanket etches is presented below in figure 8 .
The lateral etch rate ranges from 1.9 to 4.3 μm min
, which is a function of the sharpness of the initial re-entrant profile. The vertical etch rate was slightly negative relative to the top surface of the wafer, a function of broad wafer thinning. The power and pressure parameters of etch 2 were not found to have a significant impact on the etch geometry and were therefore not optimized.
Finally, the two-step etching process was integrated into the microfabrication flow of the microturbine, described in the previous section. The final mask opening was selected to be 215 μm, recipe 2 was selected for etch 1 and recipe 4 was utilized for the blanket etch 2. The raceway etching was performed in 2 to 20 min intervals to better understand the evolution of the raceway geometry. The depth, width and curvature radii of the final raceway etch are presented in figure 9 .
The bulk of the material is removed during the etch 1 step and the curvature and depth nearly reach their final values. The curvature of the raceway would ideally represent the entire raceway, but for this work it is a measurement of the curvature at the bottom of the raceway, as shown in figure 6 . Since the ball will only make contact with an area on the bottom of the raceway, the curvature of the whole raceway is not critical, as long as it does not reduce the diameter of the raceway to the point where it impedes the motion of the ball. When the depth, width and curvature all converge on a single value, as shown in figure 9 , then it can be assumed the raceway is nearly a perfect semi-circle, which is confirmed in crosssection SEM images of the device shown in the section 4.2. It is also interesting to note that there is some nonlinearity in the lateral rate, with the etching slowing down towards the end of etch 1. This is a result of a minor starvation of reactants to the undercut sidewalls. The final raceway uniformity was measured by optical profilometry and presented in figure 10 . It is important to minimize variation in raceway depth to minimize out-of-plane vibration in the rotor during operation which can lead to premature device failure.
An average variation of 340 nm, or 0.15% of the raceway depth around a 5 mm diameter rotor was measured. This value of uniformity is on par with well-tuned DRIE and very good for isotropic etching techniques [26] .
Upon completion of the raceway etch, the wafer was spray-coated with AZ 4999 photoresist to cover the inside surfaces of the raceway to mask the offset release etches. The offset release pattern lithography was compensated to take into account the curved substrate and UV light spreading. SEM images of a completed raceway with the offset release etch as well as a bonded microturbine with the turbine impeller structure removed is shown below in figure 11.
Microturbine performance
Three variations of the deep-grooved raceway microturbine were tested, employing two rotor diameters (2.5 and 5 mm) and two ball materials (steel and silicon carbide). The first set of tests was performed on raceways that were 512 μm in diameter, providing 12 μm of clearance for these devices. Testing is performed by monitoring the turbine operating parameters: flow, pressure and speed, through an acrylic package (figure 5). A custom LABVIEW TM interface was created to control the device and acquire data.
The 5 mm rotor with SiC balls variation was the first device tested. It was operated successfully above 65 krpm before catastrophic failure (shown in figure 12 ). The normal load on the rotor was 30 mN at 65 krpm, which resulted in a contact angle between 25
• and 40
• , allowing the ball to make contact with the offset release etch. It is assumed that the raceway facture was initiated at the sharp contact point where the offset etch meets the raceway. Once fracture was initiated on the raceway, the rotor became unstable and completely fractured the raceway over a time period of <10 s. Testing of this turbine was an experimental confirmation of the limits set forth from the numerical simulation.
A drop below the 37
• contact angle minimum is observed just before bearing failure. The erratic nature of the contact angle comes from human error in the operation of the device. Actuation flow and thrust flow are controlled manually, therefore adjustments are made discretely and there is lag between adjustments and microturbine response. Future systems could integrate a contact angle calculator and adjust flows to maintain a desired contact angle for a given speed.
The next turbine tested was the 2.5 mm diameter, silicon carbide ball containing device. The rotor was actuated to 47 krpm under 15 mN rotor normal load, resulting in a calculated contact angle of 47
• , over the geometrically defined 37
• limit. This device was actuated for 5 min and then disassembled to observe the wear using SEM ( figure 13) .
The wear observed in figure 13 was of an abrasive nature, with the harder SiC balls removing material from the Si raceways. The effect was significant, measuring 1-2 μm of removed raceway material within the contact area of both the top and bottom ellipsis. This abrasive wear is due to the significant sliding motion imparted by the geometry of the raceway, discussed in section 2.1. Higher normal loads would reduce the magnitude of the sliding by shifting the contact ellipse towards perpendicular of the axis of rotation of the ball and allow for better rolling. Lubrication has also been shown to work well in the case of sliding-regime wear [27] , and is the subject of future studies.
A second set of microturbines were fabricated with much larger tolerances in order to reduce the size of the contact ellipse, thereby reducing the amount of sliding in the system. The tested microturbine was 2.5 mm in diameter and contained stainless-steel balls. The diameter of the raceway was measured to be 560 μm, resulting in 60 μm of side-to-side play. This width was chosen to give ample room for the ball during encapsulation and bonding, as well as a 38% decrease in contact area at 100 mN rotor normal load for the 2.5 mm SS device. The testing of the device is shown in figure 14 .
The device begins spinning at 40 krpm, then quickly fails. This pattern of on/off operation continues with a general trend towards decreasing operating speeds. As a point of reference, it requires 11 W of input power to operate this microturbine at 10 krpm compared to 0.05 W to operate the microturbine described in [18] . The bearing and turbine inefficiencies are convoluted in the input power versus speed comparison; therefore it is difficult to determine the source of the performance difference. From the turbine efficiency standpoint, the device with the isotropic bearings has 100 μm tall blades and 60 μm of rotor sag, leaving 40 μm of exposed turbine structure, compared to 250 μm tall blades with 10 μm of sag for the microturbine described in [18] . Therefore it is estimated that the difference in performance has a significant turbine efficiency component.
The second major influence on the device performance is the side-to-side play allowed for in the rotor. The deep-groove devices used 560 μm diameter raceways for 500 μm balls and 20 μm journal bearings defined by the offset release etch, meaning the rotor and stator are allowed to come into direct contact without obstruction from the ball. An image of the tested devices is shown in figure 15 .
Significant wear, in the form of brittle fracture, can be observed on the stator around the journal release etch. This is due to the side-to-side play in the device during operation allowed for by geometry. The stop/start behavior of the device was likely caused by the generation and removal of fractured stator material. SEM inspection of the raceway after 3000 s of discontinuous operation revealed a significant amount of abrasive wear. The abrasive wear mechanism, caused by sliding, was observed in figure 13 for the silicon carbide balls after 300 s, and is shown for the 2.5 mm stainless-steel ball device in figure 16 .
During operation, the ball wore away a second radius within the grooved raceway. The original raceway profile is shown by the orange dashed line, estimated from known geometries. It should also be noted that there is some slight bond misalignment observed for this device (<20 μm), which will affect the device performance by introducing side-to-side motion. The significant amount of abrasive wear comes from the sliding discussed in section 2.1, which is inherent in the deep-groove design. Future devices should utilize lubrication or new geometries to limit solid-solid contact, or reduce the magnitude of sliding.
Three devices utilizing deep-groove raceway geometry were fabricated and tested, comparing the effects of different geometries and ball materials, while testing the new raceway geometry. Challenges arose with the operation, wear and geometry of the devices, so the ultimate goal of high-speed, reliable operation was not realized, but speeds in excess of 65 krpm were obtained briefly. Next generation microturbines utilizing deep-groove geometry should utilize taller turbine structures, wider journal bearings, and lubrication for improved device performance.
Conclusions
This work presents the development of a 3D fabrication technique with the potential of significantly improving the performance of micro-scale rotary structures. The utilization of microball bearings for MEMS has shown great promise through an array of demonstrations, but there has always been a fundamental speed limit set by geometries limited by fabrication techniques. By developing a process to create uniform, smooth and curved surfaces, micro-scale ballbearings are then able to be utilized in regimes where load can be accommodated for both axially and radially. Accordingly, a dynamic model of the bearing system was developed around the obtainable microfabricated geometry.
A two-step etching process for deep-groove bearing raceways was developed around the specific goal of integration within a microturbine testing structure. The first etch step was parametrically studied to optimize depth, width and curvature, while maintaining good raceway uniformity and low roughness. The second etch step was performed to remove the re-entrant etch profile, widening the raceway. Single device non-uniformity in raceway depth was measured to be <0.15%.
Three different microturbines were fabricated to act as the test platform for the new raceway geometries. While it allowed for devices to be operated stably up to 70 krpm, the device suffered from significant sliding friction created by the sloping raceways. It was also found that it is critical to maintain the proper ratio of axial to radial load so the angle of contact is maintained within the designed geometric constraints, or catastrophic failure is probable.
Future work will utilize the 3D fabrication technique first described in this paper to create a true angular contact bearing. This will reduce the sliding friction in the system and potentially increase device lifetimes, at the expense of fabrication complexity. Micro-scale lubrication schemes compatible with the microturbine platform will also be explored as a second route to mitigating sliding friction.
